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Abstract 
Magnetic Manipulation of Colloids at the Micro and Nanoscale 
Derek Halverson 
Gennady Friedman, Supervisor, Ph.D. 
 
 
 
Manipulation and assembly of colloidal sub-micron and nanometer sized particles is 
important in many applications ranging from drug delivery and separation of biologically 
different species of micro-organisms and molecules to fabrication of meta-material 
micro- and nanostructures consisting of regular arrays of particles. Most of the methods 
that have been proposed are based on short-range interactions including chemical affinity 
and surface forces. Such forces are difficult and, most often, impossible to manipulate 
using externally tunable apparatus. Electric fields have been employed to create longer 
range forces. However, electric fields often affect biological molecules and can be 
substantially screened in ionic solutions. Magnetic field manipulation is a relatively 
unexplored method of manipulation of colloidal particles.  
Some work has been performed in the recent decade to develop methods of 
manipulation and assembly of non-magnetic colloidal particles near surfaces. However, 
the developed methods have been limited mainly to particles greater than 1 micrometer in 
diameter which experience relatively small Brownian motion. The question can arises: To 
what extent similar methods are applicable to manipulation of much smaller particles and 
molecules? Can Brownian motion be helpful for some applications? Another important 
question is: Can non-magnetic colloidal objects be manipulated away from surfaces? 
These are the main questions addressed in this work. The main contribution of 
this thesis is the development of a series of magnetic manipulation methods by which 
non-magnetic colloidal sub-micron particles and molecules can be manipulated near 
   viii 
surfaces and in the bulk of a fluid suspension. One specific important contribution of this 
thesis is demonstration of magnetic trapping and transport of non-magnetic sub-micron 
particles and molecules near surfaces patterned with ferromagnetic material. This work is 
the first to demonstrate that biological molecules can be attached to designated areas on a 
substrate using magnetic trapping, for example. Development of a method for magnetic 
fractionation of non-magnetic colloids by size in bulk fluid suspension is also an 
important specific contribution of this thesis. Such fractionation dramatically improves 
on the speed of previously proposed depletion fractionation technique. Each specific 
method mentioned above will be described in separate chapters of this thesis. 
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CHAPTER 1: INTRODUCTION 
Colloids are ubiquitous. They are dispersions of one material in the form of particles 
(colloidal particles) within another fluid material. It is generally expected that the 
dispersed colloidal particles will remain suspended in fluid for a longer period than 
experimental observation time. Colloidal particles could be solid, liquid droplets or even 
gas bubbles. They can be rigid or deformable. Optical, electrostatic and magnetic 
properties of the particles could be similar or different than that of the suspending fluid. 
Cosmetic creams, liquid foods such as milk and blood are just a few examples of 
colloidal suspensions.  
There are a number of applications where one is interested in manipulating 
colloidal particles, fractionating them according to their different properties or 
assembling them into various structures. Some of these applications include bio-
separation of molecules, cells and micro-organisms, synthesis of micro- and nano-
particles with desired properties, drug delivery [50-52]   and fabrication of meta-materials 
such as photonic crystals and negative index of refraction films. Most of the methods that 
have been proposed are based on short-range interactions including chemical affinity [59-
60], and surface forces [53-58].  Such forces are difficult and, most often, impossible to 
manipulate using externally tunable apparatus. Electric fields have been employed 
frequently and are able to create longer range forces and well as controllable 
manipulation near surfaces [61-83].   However, electric fields often affect biological 
molecules and can be substantially screened in ionic solutions.  Colloidal systems can 
   2 
also be convenient models for experimental studies of physical systems that are more 
difficult to observe.   
In some cases we want to manipulate colloids near a substrate using various 
forces created by the substrate. Substrates are often employed in separation technologies 
and can take many different forms such as wires, meshes, rough or polished surfaces. The 
substrate forces could be of different nature such molecular, surface tension, 
electrostatics, magnetostatics, electromagnetic waves, sound waves or osmotic pressure. 
There are also situations when it is desirable to manipulate colloidal particles far 
away from surfaces. In such cases one typically relies on interactions between the 
colloidal particles themselves or on their interactions with the fluid. Colloidal particles 
can typically interact through molecular, electrostatic, magnetostatic, and osmotic forces 
forming various structures such as hexagonally packed aggregates or chains. The 
interactions can cause colloidal particles to fractionate by size or by other properties. 
They can form tightly bound structures or loosely bound flocks.  
While both, substrate and bulk colloidal manipulation techniques will be 
employed in this thesis, the main distinctive feature of the work presented here is the use 
of magnetic fields for manipulation of non-magnetic colloidal particles. Some work in 
this direction has been previously reported by only a few researchers around the world, 
including a Drexel graduate Benjamin Yellen and a group of Norwegian scientists such 
as Skjeltorp.  
However, the work carried out in this thesis focuses further on issues that were 
not previously investigated. One of them is manipulation of non-magnetic colloidal 
particles in magnetic fluids when the non-magnetic particle sizes are below few hundred 
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nanometers. The distinguishing feature of colloidal particles smaller than few hundred 
nanometers is strong Brownian motion which results in significant non-magnetic particle 
diffusion. In fact, manipulation and diffusion of relatively large molecules, not just 
colloidal particles, is investigated in this thesis.  
Another important and novel contribution of the work presented in this thesis is 
techniques for manipulation of non-magnetic colloidal particles in the bulk of magnetic 
fluid suspension, not just near substrates. This thesis demonstrates for the first time that 
fractionation of non-magnetic colloids in magnetic fluid using magnetic field can occur 
much faster than fractionation based on other types of colloidal particle interactions. 
 
1.1 Forces in Colloidal Suspensions 
This section of the thesis is devoted to background information and some simple models 
of most typical colloidal forces and magnetic phenomena. Typical forces between 
colloidal particles shall be reviewed first.  
1.1.1 Van der Walls Forces 
Colloidal objects in fluids experience forces of different natures. At short range the 
strongest interaction forces are collectively referred to as the Van der Waals forces. 
Generally these arise due to fluctuations of dipoles. To some extent, these fluctuations are 
of thermal nature. Quantum mechanical fluctuations, however, also play an important 
role. London’s dispersion force is one example of a force between surfaces that arises due 
to quantum fluctuations of electromagnetic field. In most situations Van der Waals forces 
are attractive. This usually leads to strong aggregation when particles approach each 
other to a fraction of their diameter. If the particle diameter is d and the shortest 
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separation between their surfaces is s<<d, the potential energy due to this force is 
approximately [1]: 
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where JA 21105 −×≈ is the modified Hamaker constant.  
 
1.1.2 Double Layer (Electrostatic) 
Since Van der Waals forces are mostly attractive, some repulsive interaction forces 
between particles are needed to maintain relatively stable suspensions. Repulsive forces 
could be due to variety of sources. In aqueous solutions these repulsive forces are usually 
due to the presence of various ionic species. In fact, pure water itself will dissociate into 
positive and negative ions to some degree. Various molecules that are attached to 
surfaces of particles will also dissociate in solutions leaving some charged species 
attached to the particles’ surfaces. In some cases, ions in the solution will adsorb onto the 
particles’ surfaces. In all these cases particles will acquire some net charge balanced by 
the charge in the surrounding solution. In fact, the charge in the solution around a particle 
will distribute itself in such a way that the effect of the particle’s charge will be screened 
and its electrostatic field will decay exponentially away from the particle. Such an 
arrangement of charges is called a double-layer since charge on the particle and charge in 
the solution are opposite in sign. 
When two particles similarly screened by the charges in the solution approach 
each other, the charge density between the particles can exceed the charge density 
elsewhere in the solution. This leads to particles effectively repelling each other. Such 
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repulsive interaction is often called the double-layer interaction. One the simplest 
approximations for the potential energy of the double-layer interaction is: 
                                                ( )( )sdl edU λεπ −+Ψ= 1ln2                        Eq. (1-2) 
where Ψ  is the potential on the particle’s surface, λ  is called the inverse Debye length 
which is the characteristic scale over which the charge density around a particle decays, 
andε  is the permittivity of the dispersion medium (88 times the permittivity of free space 
for water). This equation holds when λ d is large compared to unity (when particle’s 
surfaces can be treated as planes) and the particles’ surface potential is constant (no 
charge concentration dependent adsorption phenomenon takes place). 
 
1.1.3 Steric Interactions 
Steric interaction is another category of repulsive interactions. As opposed to double-
layer, this type of interaction does not necessarily involve charged species. Instead, steric 
interaction typically relies on molecules with relatively long tails (such as some 
polymers) attached to the surface of the particle. In solution, the tails of molecules that 
are attached to the particles are relatively free to move around and gyrate in various ways. 
When two particles approach each other too closely, however, the movement of the 
molecular tails becomes more confined. Steric interaction can be viewed as the resistance 
to the confinement of such molecular motions. 
 
1.1.4 Depletion Interactions 
The introduction of nanoparticles or micelles (typically a few nanometers in diameter) 
that are much smaller than the size of the particle under observation changes the effective 
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particle interaction picture described above as illustrated in the finer scale inset in Figure. 
1.1 . 
 
 
Figure 1.1 Illustration of Change in the Potential Energy Landscape Due to the 
Addition of Depletion Forces.   The depletion force is negligible until the particles 
approach each other to within the effective diameter of the much smaller micelles (18.7 
nm in this case).  At that point they will likely fall into a secondary minimum created in 
the energy landscape due to the micelle osmotic pressure. The depth of this particle 
trapping minimum varies with the particle diameter as illustrated in the inset. In the 
example shown two different particle sizes with a surface potential of 21.7 mV (affecting 
the double-layer repulsion) are placed in DI water containing 0.08 mol/L sodium dodecyl 
sulfate (SDS).  At that concentration the SDS will form.0011 mol/L micelles with an 
effective diameter of 18.7 nm.  The Hamaker constant used was 5x 10-21 J. 
 
 
When the micro-particles approach each other, some regions between them become 
inaccessible to the micelles. Exclusion of the micelles from some volume between the 
particles effectively creates an imbalance in micelle concentrations outside both particles 
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and between them. This leads to an osmotic force that drives the particles toward each 
other. Particles pushed close to each other by this force, but held apart by double-layer 
repulsion are sometimes referred to as a flock, rather than an aggregate. The potential 
energy due to this osmotic force is approximately given by [2]: 
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where md is the effective diameter of the micelles, n is the volume concentration of the 
micelles, k is the Boltzmann constant and T is the absolute temperature. The force due to 
depletion for a given concentration of micelles is smaller for smaller particles and larger 
for larger particles. Therefore, larger particles can flocculate while smaller particles 
escape the flock through Brownian motion. 
 
1.2 Magnetic Phenomena 
1.2.1 Basic classification of magnetic materials 
Based on their magnetic properties, material systems can be classified as: paramagnetic, 
diamagnetic, ferromagnetic, and antiferromagnetic. In addition, ferromagnetic-like 
materials which are essentially a mixture of ferromagnetic and antiferromagnetic 
materials are known as ferrimagnetic. The above types of magnetic properties can be 
summarized in terms of different constitutive relationships between magnetization 
(density of magnetic dipoles) and magnetic field which induces magnetization.  
In paramagnetic materials magnetization tends to align along the direction of the 
magnetic field and is weakly proportional to it. Typical coefficient of proportionality, 
known as magnetic susceptibility, is on the order of χ=10-6 in paramagnets. 
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Magnetization in paramagnets can be attributed to uncoordinated action of electron spins 
(electron magnetic moments) which align themselves along the magnetic field, but are 
also disturbed from such alignment by thermal fluctuations.  
In diamagnetic materials magnetization tends to align against the direction of the 
magnetic field and is also weakly proportional to it. Typical magnetic susceptibility in 
diamagnets is on the order of  χ= -10-6, however it can be as large as -1 in 
superconductors. In weakly diamagnetic materials (not in superconductors), diamagnetic 
response can be attributed to orbital movements of electrons.  Just like currents in closed 
conductor loops, the electrons change their movements along the orbits so as to 
counteract the field, creating opposing magnetization in the process. 
Ferromagnets, like paramagnets, have spins of their electrons align along the field. 
However, in contrast to paramagnets, spins inside ferromagnets interact with each other 
strongly, enhancing each other’s tendency to align with the external field. Just like 
interactions in chemical bonds, this electron spin interaction is attributed to what is called 
exchange, making large numbers of electrons behave as a single voting bloc.  The 
presence of crystalline or other forms of material anisotropies tends to provide certain 
easy magnetization direction to this coalition of electron spins, and thermal fluctuations 
will not have much effect if such coalitions are sufficiently large in size. As a result, 
magnetization can remain aligned along certain directions even when the field is reduced 
to zero or opposes the magnetization direction. Thus, the relationship between 
magnetization and magnetic field in ferromagnets is marked by a pronounced hysteresis. 
In antiferromagnetic materials electron spins experience exchange interactions 
which cause them to compete, instead of cooperating. As a result, neighboring spins tend 
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to align in opposition to each other causing the average magnetization to be zero in the 
absence of the external magnetic field. When the external field increases, the numbers of 
spins aligned along the field also increases. However, in order to develop large average 
magnetization the field has to become very large, often impractically large. Therefore, 
although some forms of hysteresis are observed in antiferromagnets, they have no 
remanent magnetization at zero field and develop only weak average magnetization as the 
field increases. 
Ferrimagnetic materials typically consist of sub-lattices of ferromagnetic atoms and 
antiferromagnetic atoms Although interaction between the sub-lattices is 
antiferromagnetic, relatively large average magnetic moment can develop because the 
number ferromagnetically interacting atoms dominates. As a result, ferrimagnetic 
materials behave similarly to the ferromagnetic materials, although their average 
magnetization is somewhat smaller. 
 
1.2.2 Magnetic Domains and Superparamagnetism 
An important feature of relatively large pieces of ferro- and ferrimagnetic 
materials is the presence of domains. Domain is a region of uniformly magnetized 
material. In ferromagnets it is the region where the neighboring electron spins align 
roughly in the same direction due to cooperative exchange interactions. However, when 
the size of a domain becomes too large, it gains large magnetostatic energy. To reduce its 
magnetostatic energy larger domains can break up into smaller domains. The limit to how 
large a domain can become is determined by the trade-off between gain of magnetostatic 
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energy vs. loss of the exchange interaction energy as the domain increases in size. 
Typical domain size in ferro- and ferrimagnetic materials is on the order of micrometers.  
Pieces of material that can’t sustain multiple domains are often called single 
domain particles. There are situations when single domain particles can spontaneously re-
orient their magnetic moments in the absence of external magnetic field. These occur 
when energy barriers to such re-orientations are sufficiently low. For example, when a 
single domain particle is placed in a fluid, it can rotate physically to re-orient its magnetic 
moment. The anisotropy barrier also reduces as the particle’s size is reduced making it 
possible for thermal fluctuations to breach it. Thus, random motion due to thermal 
fluctuations can randomize the particle’s magnetic moment over time, making the time-
average zero in the absence of external magnetic field. As a result, sufficiently small 
single domain particles display no remanent magnetization or hysteresis, despite the fact 
that the material is inherently ferro- or ferrimagnetic. In this sense small single domain 
particles behave similarly to paramagnets. However, when the field is increased, the 
particles’ magnetic moments eventually align along the field reaching high levels of 
magnetization that are expected from ferro- or ferrimagnetic materials. Due to large 
magnetization, small field susceptibility of such particles is typically on the order 10 to 
100. Particles that display no remanence or hysteresis, yet gain magnetization large 
compared to typical paramagnets when the field increases, are called superparamagnetic. 
Particles of many ferro- or ferrimagnetic materials become superparamagnetic when their 
diameter reduces below about 50nm. Fluid suspensions of such nanoparticles are often 
called ferrofluids.  
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1.2.3   Magnetic Energy and Forces 
Although isolated magnetic charges have never been observed, spatial variation of 
magnetization can have the same effect as isolated magnetic charges, at least as far as the 
force on a magnetized object is concerned. The main difference from the case of 
electrostatic forces is that the total equivalent magnetic charge distributed within the 
volume and on the surface of an object must sum up to zero. This imposes some 
constraints on forces that can be experienced due to magnetic fields. These constraints are 
easiest to appreciate in the case of an object whose magnetization distribution can be 
approximated as a single isolated point dipole placed into a non-magnetized environment. 
The magnetic force on such a dipole is: 
                                   BmFm
rrr )( ∇⋅=                                                      Eq. (1-4) 
where mr  is the dipole’s magnetic moment, and B
r
 is the flux density of the external 
field.  
One important fact which the above equation conveys is that the magnetic force 
on a point dipole exists only if the external field is non-uniform. In fact, for a given 
magnetic moment of the dipole, it is not the strength of the field that determines the 
magnitude of the magnetic force, but the strength of the field gradient. A similar principle 
applies for polarized objects in electrostatics. However, for charged objects in 
electrostatics force is proportional to the field strength. No analog of that exists in 
magnetostatics. In principle, forces on larger magnetized objects can be determined by an 
appropriate integration over the distributions of effective magnetic charges. For an 
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extended magnetized object not only the first order variation (due to gradient) in the field 
may be important, but also higher order variations (due to higher order derivatives). 
However, non-uniformity of the field is always required to end up with non-zero net 
force on a magnetized object.  
Throughout most of this thesis magnetizable particles will be treated as point 
dipoles. Although strictly speaking this is an approximation, it has a high degree of 
validity because particles’ sizes are usually small enough to be able to ignore higher order 
variations in the external magnetic field. Moreover, even when this approximation does 
not provide high numerical accuracy, it does reveal physical tendencies of particulate 
systems quite well.  
A situation that will be particularly important throughout this thesis is one where 
essentially non-magnetic objects are placed into a uniformly magnetized medium. The 
magnetic force on the non-magnetic object in this case is given by:  
                         BMVFm
rrr ∇⋅−=                                                                Eq. (1-5) 
Here V is the volume of the object,  M
r
 is the medium’s magnetization and the product 
MV
r
can be interpreted as the magnetic moment of the medium volume displaced by the 
non-magnetic particle. The above equation is very similar to the force on the point dipole 
given before, with the exception of the negative sign.    
Why is the force acting on a small non-magnetic particle placed into magnetized 
medium opposite in sign to the force acting on a magnetized particle placed into a non-
magnetic environment? 
 In some sense this phenomenon is analogous to buoyancy of objects that are less 
dense than the surrounding fluid. In the example of buoyancy, it is not that gravity acts in 
   13 
the direction opposite to the usual direction. Instead, gravity acts on the more dense fluid 
stronger than it acts on the lighter object causing this object to experience a hydrostatic 
force opposite to the usual direction of gravity. Similarly, magnetic field acts on the 
magnetized fluid surrounding the non-magnetic particle, pushing the particle in the 
opposite direction. The reason the magnetic field acts on the magnetized fluid is that the 
presence of a non-magnetized particle creates a rapid, nearly discontinuous change of 
magnetization at the boundary between the fluid and the particle. This spatial variation of 
the magnetization is equivalent to having effective magnetic charges on the surface of the 
particle. The force on these charges is what causes the force on the surrounding fluid as 
well as equal and opposite reaction force on the particle. 
 The effect of magnetic force on particles in fluid are frequently mediated by the 
particles’ Brownian motion and other thermal fluctuation effects. The relative importance 
of thermal fluctuations depend magnetostatic potential energy the particles have in the 
magnetic field and on spatial variation of this potential energy. For this reason, 
magnetostatic potential energy of small isolated particles is reviewed below. 
 Let us suppose that the magnetic moment of a particle is related to the external 
magnetic field by 
                                                ( ) ( ) BB
B
BLBBLm
rrr ξµµ === 00
1ˆ1 ,                        Eq. (1-6) 
where Bˆ  is a unit vector in the direction of the field and ( )BL  is some scalar valued 
function of the vector B
r
 such that its values depend only on the magnitude B of the field 
vector.  For isolated magnetic particles in a non-magnetic medium function ( )BL  is the 
well-known Langevin function. This function is a monotone increasing function of field 
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magnitude B. For a non-magnetic particle placed into a magnetizable fluid, the Langevin 
function is monotone decreasing function of B. In assuming the validity of the above 
equation for the magnetic moment one generally ignores magnetization time-dependent 
relaxation phenomena which begin to play a significant role only when the magnetic field 
varies fast (faster than about 1000 Hz).  Assuming that the magnetic particle can be well 
approximated as a magnetic point dipole, the magnetic force on it is given by: 
                                 ( ) ( ) BB
B
BLBmF
rrrrr 

 ∇⋅=∇⋅=
0
1
µ                                         Eq. (1-7) 
Now, consider some other scalar valued function ( )BU  of the vector Br which depends 
only on the magnitude B. By chain rule of differentiation, the gradient of this function is 
given by: 
( ) ( ) BB
B
BUBU
rr 

 ∇⋅′−=∇−                                        Eq. (1-8)                               
where ( )
dB
dUBU =′ . Comparing equations (1-7) and (1-8), we conclude that 
( ) ( )BLBU −=′  and, consequently: 
( ) ( ) ( )BUdxxLBmF B −∇=∇=∇⋅= ∫
00
1
µ
rrr
                       Eq. (1-9)                               
Given that we usually set the force to be equal to the negative gradient of the potential 
energy, the potential energy of the magnetic particle in the external magnetic field is: 
 ( ) ( )∫−=
B
dxxLBU
00
1
µ                                                  Eq. (1-10) 
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For example, for a linear relationship ( ) xxL λ= , the energy turns out to be the familiar 
BmBU
rr ⋅−=−=
2
1
2
1 2
0
λµ .                                      Eq. (1-11) 
For a constant ( ) CxL =  (permanent magnetic dipole), the potential energy is the usual 
BmCBU
rr ⋅−=−=
0µ . For a non-magnetic particle of volume V placed into a medium of 
magnetization M
r
the equivalent magnetic moment is MVm
rr −= .  
            The dipole approximation and equation (1-6) above does not specify how to 
determine the relationship between the particle moment and the external field. The actual 
relationship may depend on material parameters as well as on the particle shape. The 
shape of the particle has an effect due to the so-called demagnetizing field created inside 
the particle by its own magnetization. This demagnetizing field adds to the external field 
typically reducing the total effective field which magnetizes the particle. Demagnetizing 
fields are relatively easy to calculate for spherical and ellipsoidal particles. For the 
commonly employed spherical particle the effective magnetic moment susceptibility is 
given by [17]: 
),(4 12
3 µµπξ KR ⋅⋅=                                       Eq. (1-12)            
where R is the radius of the particle, 2µ is the magnetic permeability of the particle’s 
material, 1µ is the magnetic permeability of the fluid, and K is known as the Clausius-
Mossotti factor.                 
12
12
12 2
),( µµ
µµµµ +
−=K                                      Eq. (1-13)                            
Note that accounting for the demagnetizing field does not change that a particle produces 
an external field like that of a dipole oriented at its center. In fact, a uniformly 
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magnetized particle can be shown to produce a dipole field outside its own boundary 
regardless of the particle size. The magnitude of the forces acting on the particle, 
however, needs to take its magnetization and, therefore, the demagnetizing field into 
account.  
 To appreciate the extent of Brownian motion of a given particle in an external 
magnetic field, consider the situation where the system is close to thermal equilibrium. 
Position of the particle will vary randomly and, in a spatially varying magnetic field, so 
will the potential energy. According to Boltzmann’s statistical theory, the probability 
density of the potential energy of the particle is proportional to: 
                                   ( ) 

−
kT
UU exp~σ                                         Eq. (1-14) 
where k is the Boltzmann constant and T is the absolute temperature. According to the 
above formula, the most likely position of the particle is one which minimizes its 
potential energy. The potential energy of a magnetized particle placed into a non-
magnetic medium, the energy is a monotone decreasing function of the field as evident 
from equation (1-11). As a result, such a particle will have its most likely position 
wherever the field is maximum. On the other hand, the potential energy for a non-
magnetic particle placed into magnetizable fluid is a monotone increasing function of the 
field. As a result, the most likely position of a non-magnetic particle will correspond to 
the position where the field magnitude is minimal. 
 Some interesting conclusions can be drawn from the above simple analysis. It is 
known that maxima of magnetic field magnitude can occur only on boundaries between 
sources that produce the magnetic field and the source free regions where the particles 
might be located. As a result, magnetizable particles placed into non-magnetic fluid are 
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always drawn toward the sources producing the field and will not tend to remain in the 
source free regions. On the other hand, minima of the magnetic field magnitude can occur 
in source free regions. As a result, non-magnetic particles placed into magnetizable fluid 
can be suspended away from the boundaries where beyond which field sources are 
located. The same reasoning holds for levitation of diamagnetic objects, the most familiar 
example of which is superconductor levitation. The ability to suspend non-magnetic 
particles in magnetizable fluid is what makes magnetic manipulation of non-magnetic 
particles unique, interesting and practical. 
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CHAPTER 2: NANOSCALE SURFACE TRAPPING, TRANSPORT AND 
FRACTIONATION 
 
    Manipulation of magnetic beads by localized magnetic field gradients has been 
demonstrated in a number of publications [3-6]. In many applications, however, it is 
desirable to assemble and manipulate non-magnetic materials without binding them 
chemically to anything. Such manipulation method was proposed [7] for micrometer size 
non-magnetic beads. The objective of this part of the thesis is to demonstrate that similar 
methods can be extended to manipulate non-magnetic colloidal particles whose 
characteristic size is on the order of 100 nm or smaller. The resulting manipulation 
method may be particularly useful for biological materials such as large biological 
molecules or viruses. 
The proposed method employs submicron Co (cobalt) patches or islands patterned 
on planar substrates in conjunction with an external static or rotating magnetic field to 
control movement of 100-300 nm latex beads in a massively parallel fashion.   This 
allows for capture, transportation, and concentration. It should be noted that Co is a 
ferromagnetic material with moderate value of coercivity (coercive field). When the 
magnitude of the external field is below coercivity, the magnetic moment will barely 
respond to changes in the external field. One the other hand, when the magnitude of the 
field is beyond coercivity, the magnetic moment of will tend change quickly in the 
general direction of the field variation. When the magnetic field increases and decreases 
saturating switching the magnetic moment back and forth, the projection of the moment 
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onto the field direction will trace a hysteresis which crosses zero magnetization value at 
the coercivity.  
 
2.1 Basic Principles Behind Manipulation of Non-Magnetic Particles Near 
Surfaces Using Magnetic Patterns 
 
In these methods, non-magnetic components (such as spherical particles) are dispersed 
inside ferrofluid.  A pattern of magnetic field maxima and minima on a surface is created 
using a pattern of magnetized thin Co islands and an external uniform magnetic field. In 
general, we expect objects to be forced toward regions of their potential energy minima. 
By substituting equations 1-13 and 1-12 into equation 1-11 we find that the potential 
energy of non-magnetic beads surrounded by the magnetizable ferrofluid due to an 
external magnetic field H is given by: 
2
0
0
22
3 HVU p
f
f
fmag µµ
µµµ +
−=                                              Eq. (2-1) 
where fµ  is the fluids’ permeability, 0µ is the permeability of free space (and of the 
particle material), and pV  is the particle volume. Thus, the non-magnetic particles are 
attracted to regions of magnetic field minima as discussed in the introduction.  This 
occurs over the center of the magnetized Co island, for the situation illustrated in Figure 
2.1, because that is where the external field and the field created by the island oppose 
each other.  At sufficiently strong external field, this minimum will occur right on the 
surface. At lower external field strengths the minimum of the total can occur at some 
distance above the surface, leaving the particles suspended. The force which attracts the 
non-magnetic particle toward the location of the energy minimum will be proportional to 
the gradients in the fields. Note that, according to equation (2-1), the potential energy 
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would ordinarily be negative if a magnetizable particle in a non-magnetic fluid is used. In 
this case, the magnetizable particles would be attracted to regions of magnetic field 
maxima.    
 
 
Figure 2.1:  Non-magnetic Objects Experiencing Magnetic Force. Non-magnetic 
objects in a magnetizable fluid are pulled toward regions of minimal magnetic field. In a 
way, this is similar to buoyancy of an object whose density is below the density of the 
surrounding fluid.  The phenomenon where a non-magnetic object is pulled toward 
regions of smaller field is sometimes referred to as negative magnetophoresis.  
 
 
The pattern of magnetic field minima can be re-arranged though re-magnetization of 
magnetic islands on the surface or through changing the direction of the external uniform 
magnetic field.  Continuous rotation of the external magnetic field in a plane normal to 
the plane of the Co islands, for example, can cause movement of the pattern of the 
magnetic field minima resulting in controlled movement of the non-magnetic colloidal 
particles.  This process is illustrated in figure 2.2 and can be used for dynamic control of 
objects in a massively parallel or individual manner.   By smoothly varying the field 
between the different orientations shown in figure 2.2 the pattern of potential energy also 
moves along carrying the particles as depicted in figure 2.3. 
 
B 
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Figure 2.2:  Transport of Non-magnetic Objects Along the Surface.  First (panel A), 
when the field is directed up, the ferrofluid will want to collect on the north side of the 
island and so the particle will want to go to the south side.  When the field is rotated to be 
in the same direction as the island (panel B), the non-magnetic particles will want to be 
above the island as discussed earlier.  When the field is rotated to point down (panel C), 
the ferrofluid will want to be on the south side of the island and the particles on the north. 
Finally, when the external field opposes the island’s (panel D) magnetic moment, the 
particles will want to be between the islands and the ferrofluid will want to be on top.  
Note that the magnitude of the rotating field has to be below the coercive field of all the 
islands to avoid their re-magnetization. Otherwise, no transport will actually occur using 
this method. 
 
 
 
Figure 2.3 Shifting of the Potential Energy Landscape by Rotating the Uniform 
Field in a Plane Perpendicular to the Substrate Plane.  The potential landscape 
illustrated by the solid line is shifted into one illustrated by dotted line when the field 
rotates clockwise as indicated in the figure by solid and dotted arrows. 
 
 
 The above description, while valid, is purely mechanical in nature and ignores one 
important aspect of motion of nano-scale objects – Brownian motion. Brownian motion 
occurs due to thermal fluctuation. Its affect can be appreciated, therefore, by comparing 
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the depth of the potential energy well, which tends to trap the particle, with the energy of 
thermal fluctuation, kT, which tends to kick the particles out of the well.  
In addition to the difficulties with Brownian motion, new experimental difficulties 
appear when working with nano-scale particles and islands. These difficulties are mainly 
due to the fact that particles and islands are on the order of or smaller than the 
wavelength of light.  In some cases we can track individual particles optically using their 
fluorescent properties.  However, in other cases we have to visualize the particle 
dynamics by looking at their aggregate behavior.   For example, non-magnetic particles 
can be concentrated in certain locations and this process can be used as evidence of 
desired behavior. 
 
2.2 Materials and Methods 
 
2.2.1 Fabrication of Magnetic Nano-Patterns 
 
Cobalt islands 50nm thick were creating using e-beam lithography whereby a beam of 
electrons is moved over a silicon wafer coated in PMMA (Polymethylmethacrylate )  
resist based on an Autocad file.   The coating where the beam hits is later dissolved when 
the wafer is developed.  Next, Cobalt is deposited evenly over the whole wafer using e-
beam evaporation.  Here a stream of electrons is focused on a sample of the material to be 
deposited heating it until it evaporates.  Atoms of the substance then travel through 
vacuum to the wafer and slowly but evenly build up.    In this case 10nm of Chrome is 
first applied to aid in adhesion followed by 50nm of Cobalt. Finally, the remaining 
PMMA is removed chemically, also removing the metal on top of the unexposed regions.  
This process is sometimes called lift-off. In the end, the regions that the electron beam 
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was swept over during the exposure will now be covered on the wafer by Cobalt.  These 
steps and some examples of the resulting Co island patterns are shown in figure 2.4. 
 
 
Figure 2.4 A. Steps of E-Beam Lithography; 2.4 B Example of Resulting 
Nanoislands Viewed in a Scanning Electron Microscope;  2.4 C Array of 
Nanoislands Viewed With an 100x Optical Microscope. 
 
 
The resulting Co islands ranged in size from 200nm X 200nm to 2200 nm X 340 
nm. Spacing of the islands was also varied from 200nm to 1.1 microns.  Previous studies 
by B. Illic indicate that Cobalt islands of these dimensions can be single domain [8], 
However, since this work requires only that the islands have measurable remnant 
magnetization, the details of domain structure were not checked.   
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Coercivity distribution of the islands was obtained by observing changes in 
patterns of ferrofluid aggregation at the ends of the islands with changing applied in-
plane field. This technique is convenient because it permits to observe not only average 
behavior, but to obtain distribution of coercivities as well. In this method, when 
observing the islands covered by a layer of ferrofluid in an optical microscope, it is 
immediately obvious when an island has flipped its direction of magnetization because 
the ferrofluid switches from being on top of the island to concentrating at its sides as 
demonstrated in figure 2.5. 
 
 
Figure 2.5  Optical Microscopy Image of Islands During Coercivity Experiments   
The islands that appear bright do so because, when an island’s magnetization flips to 
align with the external field, the top of the island changes from the region with the 
highest ferrofluid concentration to the lowest.  This exposes the bright surface of the 
island as in the figure. The distribution of coercivities is obtained by recording field 
values at which islands’ magnetization flips.    
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Using the above method, it was found that the Co islands had average coercivity 
of about 200 Oe with significant dispersion. Some islands were observed to switch 
around 100 Oe, while a few also switched at fields above 400 Oe. Such coercivity is 
consistent with that observed in other publications employing similar islands [8].  
Note that while e-beam lithography was used to create the islands used, 
researchers are working other possibly superior methods for creating the nanoscale 
surface patterns [35-36] 
2.2.2 Materials and Equipment 
 
Fluorescent latex beads of 100nm and 200nm diameters (Duke Scientific) were dispersed 
in an aqueous solution containing EMG 705 ferrofluid (Ferrotec) at 10% of stock 
concentration (corresponding to a volume concentration of Iron-Oxide particles of about 
1%).  Although higher ferrofluid concentration could improve the manipulation method 
discussed below, lower improved the solution transparency making optical observation of 
particle movements easier. The non-magnetic fluorescent particles were sterically 
stabilized against aggregation, according to the manufacturer. They did not appear to 
aggregate or stick to the substrate at the concentrations used over the course of their 
storage or over the time of the experiments. The resulting solutions of the non-magnetic 
fluorescent particles in dilute ferrofluid were placed between the Co island patterned 
substrate and a glass slide clamped together around 5 micrometer glass spacers (glass 
micro-rods). Uniform magnetic field whose direction and magnitude could be varied 
dynamically was created using 2 Kepco bipolar operational power supplies/amplifiers 
attached to solenoids with iron cores.   Rotating uniform magnetic fields were controlled 
by DASYlab software. Behavior of the latex particles was observed using an upright 
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Leica DMLFS microscope with a high numerical aperture 100x oil-immersion lens 
placed close to the glass cover over the ferrofluid. Images of the moving particles were 
recorded by Photometrics CoolSNAP HQ fluorescent camera.  Particle tracking was 
performed using Molecular Devices Metamorph software.  Experiments with time 
varying fields were limited to operational frequencies below 10 Hertz mostly due Eddy 
current magnetic field screening. For higher frequencies, laminated cores should probably 
be employed in the future. 
2.3 Results on Particle Trapping 
 
Static fields were used to demonstrate the ability of the islands to pull particles toward 
the islands out of the bulk of the solution and to trap them in the potential energy wells at 
the field minima.  Some sample results are shown in Fig. 2.6.  In Fig. 2.6a particles are 
held over well-separated islands.  In this example, particle trapping started to occur after 
field of approximately 210 Oe was applied along the direction of the islands’ remanent 
magnetization. Brownian motion appeared to dominate at lower fields. At fields of 400-
500 Oe no particle escape due to Brownian motion was observed.   
 
 
Figure 2.6 Beads Being Held in Place by Static Fields  In figure 1A 300nm beads are 
held by a 400 Oe field over 1000nm X 340nm islands in a rectangular array spaced 1 
micron side to side and 3 microns end to end.  Figure 1B are the pattern of islands 
corresponding to Figure 1A. 
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2.4 Results on Particle Transport 
 
Next rotating fields were used to move 100nm to 300nm beads along arrays of islands of 
various sizes and separations. In some experiments island’s long axes were up to forty-
five degrees with respect to the applied field.  Fig. 2.7 shows the results of one 
experiment using 300nm particles on an array of 1 micron x 340 nm islands with a 5 Hz 
70 Oe field.   Note that the field used to move the particles was a third of the field that 
was required to statically capture the particles.  This resulted in erratic, but obviously 
directed motion of the beads as shown in Fig. 2.7b. 
 
 
Figure 2.7  Results of Moving Beads  In figure 2a the underlying pattern of 1 micron by 
340nm islands is spaced 640nm side to side and 500nm end to end is shown.  Figure 2b 
shows the results of using Metamorph software to track the motion of 300nm beads along 
this pattern and off the edge of the frame under a 70 gauss 5 Hz rotating field.    
 
2.5 Results for Particle Concentration 
Next we demonstrate moving particles in a massively parallel manner in order to collect 
and concentrate them.  Here we use arrays of islands and a rotating external field as 
outlined in figure 2.2.     Islands that can be used range from 200nm square islands to one 
micron by 200nm islands.  One reason to use multiple lengths of islands is that if an 
10 microns 
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island remagnetizes when the external field opposes the direction of their magnetization 
as in figure 2.2d that particle is unlikely to advance and will instead snap to the other side 
of the islands.  Since different lengths of islands remagnetize at different external field 
strengths the user can select portions of the surface that will be in operation at different 
external field strengths.   
    At the microscale particles march along the array patterns with nearly every cycle.  
In our experiments with 100nm and 200nm particles particle motion is immediately 
obvious and in the desired direction, however particles hop between islands as they move 
instead of simply going from one island to the next.  They may even travel a distance 
above the surface temporarily causing them to go out of focus.  Particles have been 
successfully driven at five hertz for a speed of ten microns per second after which our 
power supplies have difficulties driving the electromagnets.  A particular type of motion 
is shown in figure 2.8.  Here islands are arranged at angles to each other and the external 
field allowing for the creation of divergent or convergent flow up to an angle of about 
forty five degrees.  This can be used to either concentrate samples of nanoscale objects or 
to take a concentrated sample and dilute it as would be needed if the user wanted to 
examine individual objects.  Angled flow could also be used to direct particles to 
different regions on a surface.  Note that by locally remagnetizing groups of islands it 
would be possible to create a system of gates along with angle paths that could move 
objects to different locations on a surface as desired by the user. 
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Figure 2.8:  Divergent Flow of Nanoparticles.   Here I show a highlighted particle that 
is moving down and to the right and have selected frames where it happens to be in focus.  
While the particles are not so easy to track a generally up and to the left motion can be 
observed in the particles on the other part of the divergent pattern.  However I would like 
to replace this picture with one using the metamorph tracking software where the 
particles paths will be traced.  There will be about this much text. 
 
 
 So, finally, we use a pattern of islands that not only moves particles along is 
surface but also features convergent and divergent flow.  In the pattern shown in figure 
2.9A particles will be moved toward the center while on the left half of the pattern and 
then either moved straight to the right by the islands in the center or in a divergent 
manner by the islands in the upper and lower right sides.  This divergence can be seen in 
figure 2.9B where the concentration of particles is notably higher in the center than along 
the edges of the pattern demonstrating that these islands can concentrate nanoscale object 
into localized regions.  
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Figure 2.9  Aggregate Effects of Particle Motion at the Nanoscale  Figure A shows 
the pattern of the islands shown in figure B with arrows showing the direction of the 
islands.  In figure B a region of concentrated fluorescent particles is visible while the 
field is rotating.    Figure C is a SEM picture of the region in the rectangle in figure A. 
 
 
 
While in these examples all the islands are magnetized in the same direction, it is possible 
to program surfaces with different magnetizations to produce different behavior.  This 
could be done through methods such has using islands with different coercivities and 
using field control or methods like thermo-magnetic recording [44].
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2.6 Restricted Particle Movement by Diffusion 
So far the methods for mass transport of particles have required the use of rotating 
external fields.   While they work well enough they require a more complex setup than a 
constant field.  When only restricted movement of particles without directional transport 
is require, it is possible to use the magnetic pattern of the islands to provide the 
restriction, while Brownian motion (diffusion) will be allowed to maintain overall 
particle movement within restricted area. For the Brownian motion to occur, the potential 
energy barriers separating different islands should be lowered. This can be accomplished 
by placing the islands sufficiently close to each other. Fig. 2.10 demonstrates this idea. 
Two types of island tracks are shown in this figure. In one set of tracks the islands 
(1000nm X 340nm) are sufficiently separated from each other (by 340nm) so that 
particles (200nm) are trapped by the individual islands when the sufficient field (500 Oe) 
along the island magnetization is applied. In the second set of tracks, islands of the same 
size are placed much close to each other (200nm) and the particles diffuse from one 
island to another, while remaining always near the track.  
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Figure 2.10. Particle diffusion restricted by the Co islands. Tracks on the right 
containing 1000nm X 340nm Co islands separated by 340 nm are shown to trap 200 nm 
particles (bright) around individual islands. Tracks on the left containing islands of the 
same size, but separated by 200nm, are shown to allow diffusion of the same particles 
along the tracks. 
 
 
2.7 Summary 
In conclusion our method of manipulating and moving non-magnetic objects is effective 
and robust at the microscale.  It could be used to move, sort, concentrate, or position any 
object largely as the user decides.   At the nanoscale the islands are not so readily capable 
of trapping the beads, but they can still clearly manipulate nanoscale objects.  For future 
work we will experiment with using external magnets above the upper coverslide to push 
nanoscale particles down into the nanoscale patterns to make them more effective and to 
make it easier to visualize the motion of particles.     
8 microns 
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CHAPTER 3:  USE OF FERROFLUID PATTERNS AS DIFFUSION MASKS 
 
Patterning surfaces by different materials has been the subject of significant interest in 
connection with combinatorial chemistry and material studies. Commercially important 
examples of such patterned substrates are bio-molecular micro-arrays such as DNA and 
protein chips. Fabrication of such devices has focused primarily on two techniques: 
photolithographically enabled in-situ synthesis and ink jet type printing technology. 
Photolithography is capable of producing small spot size and high resolution. However, it 
is an expensive process requiring multiple masking steps with accurate masking 
registration and alignment. The type of molecules that can be synthesized in 
photolithographic fabrication is also limited. Printing provides greater flexibility in the 
choices of molecules that can be deposited on the substrate. However, it is limited by a 
relatively large spot size and resolution.  
A new method to selectively mask local deposition of molecules on a surface 
is described below. This method is based on using the phenomenon of controlled 
aggregation of magnetic nanoparticles in aqueous solution (ferrofluid).  In this method a 
pattern of magnetizable islands on a solid surface in conjunction with externally applied 
uniform magnetic field is used to create strong magnetic field maxima and minima on the 
surface.  Magnetic force pulls magnetic particles to the regions of the highest field 
strength with magnitude proportional to the gradient of the field.  Therefore ferrofluid 
will aggregate in the regions of field maxima particularly in regions of high field 
gradients such as those produced by microscale magnetic islands as illustrated in Figure 
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3.1.  This ferrofluid aggregation in the regions of local magnetic field maxima will be 
shown to mask diffusion of molecular species to the surface and their subsequent binding.   
 
 
Figure 3.1: Controlled Aggregation of Ferrofluid around a Magnetic Island.  In 
figure 3.1a the field is directed down so the ferrofluid will aggregate on the south side of 
the island whereas in figure 3.1b the field is directed up so the ferrofluid will aggregate 
on the north side of the island.  
 
 
 Repeating the process of ferrofluid aggregation with different molecular species after 
changing the pattern of magnetization on the surface through magnetic recording 
techniques, it is possible to pattern mutually aligned spots of different molecules on the 
surface without the use of chemical solvents, heat, UV radiation or other potentially 
harmful influences typically involved in photolithographic patterning.  This process is 
outlined in the illustration Figure 3.2, but will not be investigated in this thesis.   
 
3.1   Materials and Methods 
Experiments for blocking Streptavidin attachment to a patterned surface were performed 
using silicon wafers as substrates.  The surfaces were patterned using a conventional 
a b
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photolithographic lift off procedure with 100nm thick cobalt islands that were either 20 
by 4 micron rectangular Co islands or five micron diameter circular Co islands.  
 
Figure 3.2: Demonstration of Remagnetizing Islands Using Magnetic Recording 
Techniques   In figure 3.2A both islands are initially magnetized to the right and placed 
in an upward magnetic field resulting in ferrofluid blocking the gap to the surface.  Such 
a gap in the photoresist could easily be created by using a ferrofluid aggregate as a soft 
mask for photolithography as previously demonstrated by our group [9].  In figure 3.2B 
the island on the right has been remagnetized by: leaser heating and remagnetization, a 
write head, or by external field using the anisotropy of the island.  This exposes the 
substrate allowing chemicals to attach to it.  In figure 3.2C this has been repeated with the 
island on the right after the chemistry has been changed allowing a second chemical to 
reach the surface there.  This can be repeated for an arbitrary number of different 
chemicals.   
 
 
 
The substrates were then coated with 115nm of Filmtronics 15A spin on glass to ensure 
proper surface treatment.  The substrates are then cleaned in Acetone and placed in 3-
Aminopropyl trethoxy silane (Sigma Aldrich) to Silanize the surface so that biotin will 
attach to it.  Then we biotinelate, attach biotin to, the surface by putting the substrate in a 
1:1 DMF/PBS 7.4 Ph solution containing 10 micrograms per milliliter biotin (Sigma 
Aldrich’s Biotinamido hexanoic acid N-hydroxysuccinimide ester) for one hour under 
mild agitation.  We block diffusion using EMG 707 ferrofluid.   After we have arranged 
the ferrofluid aggregates as we want we then add Streptavidin with a Texas Red dye 
(Zymed) to the buffer on top of the surface.  The Streptavidin will attach to any biotin it 
comes into contact with in a manner of seconds.  After the experiment we examine the 
sample using fluorescence microscopy.  Wherever the Streptavidin has reached will 
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appear red and wherever it has not reached will appear black or slightly green from the 
substrate underneath.  Before continuing with the rest of our experiments we performed 
control experiments which demonstrated that the ferrofluid does not affect our particular 
surface chemistry such that even with ferrofluid clouds present the Streptavidin can 
eventually diffuse to the surface and successfully attach uninhibited. 
 
3.2 Wide Area Screening 
First we demonstrate the effectiveness of diffusion masking at the macro-scale to prove 
that the masking mechanism works as expected.  Additionally this simple method could 
be used to block large regions on a wafer without having to pattern it as a magnet can 
simply be placed underneath a prepared substrate. After placing the magnet, the ferrofluid 
is added to the top of the substrate and it will be attracted to the regions of high gradients 
over the magnet.  After this, we wash the rest of the ferrofluid off the surface so that it 
will not interfere with diffusion over the rest of the wafer.   Next we add the Streptavidin 
over the wafer.  After 30 minutes the Streptavidin is washed away, the magnet is then 
removed and the ferrofluid is washed away.   Note that 30 minutes is much longer than 
the Streptavidin needs to attach to the biotin, also note that a permanent magnet under a 
substrate produces weaker gradients than micro-islands of Cobalt.  The time was selected 
so that we could see the effect of diffusion over time so that we know the diffusion is not 
fast through the ferrofluid.  The results of this process are shown and explained in Figure 
3.3.    
   Next we demonstrate the use of a diffusion curtain that could be used in a lab-on-
a-chip application or micro/nanofluidics where the user would want to be able to put up a 
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shield to diffusion of a molecule through a channel by simply applying an external field 
and without any moving parts that may experience mechanical failure.   Since we are now 
manipulating nanoscale/molecular objects it means that this method could start to mimick 
some of the existing uses of mechanical “lab on a chip” devices [45] which are used to 
mix fluids [46], as well as array [47], sort [48], and transport [49] colloidal objects. This 
method also has the advantage that the region that is to be screened off does not have to 
actually interact with the ferrofluid except perhaps in trace amounts.  The results of this 
experiment are shown and explained in figure 3.4. 
 
 
Figure 3.3  Edge of the Region Covered by the Ferrofluid.  The Red region is the 
Streptavidin and the dark green region is the area that the Streptavidin was unable to 
reach because of ferrofluid masking.  Note that the edge is somewhat irregular.  This is 
due to the fact that magnetic field gradients are weak and convective disturbances in the 
liquid can shift the ferrofluid slightly
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Figure 3.4:  Diffusion Curtaining  Figures A, B, and C show the process steps as 
ferrofluid is aggregated in a torroidal shape by magnets on the sides of pieces of glass 
separated by ten microns (A), a drop of Streptavidin is added to the top of the gap (B), 
and the Streptavidin is allowed to diffuse throughout the gap, but is prevented from 
entering the region protected by the ferrofluid curtain.   Figures D, E and F show the 
results of the experiment.  Clearly in D there is a high concentration of fluorescent 
Streptavidin in the area outside the ring.  Figure E shows the quick but gradual reduction 
in Streptavidin concentration at the edge of the curtain.  Note that the edge is less chaotic 
here than in the other examples.  This is due to the smaller amount of convective 
disturbances present in a microfluidic device.  Finally in figure F it can be seen that the 
inside of the ring is free of Streptavidin. 
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3.3 Micro-scale Ferrofluid Screening 
Experiments performed to demonstrate micro-scale diffusion masking are described next.  
Here we use ferrofluid to block highly localized regions of the surface from the 
Streptavidin binding.  The entire wafer was coated with spin-on glass and biotinylated 
using a procedure described in above. As a result, anything that isn’t masked by 
ferrofluid should be labeled red under fluorescence microscopy.  Ferrofluid flocks were 
generated by combining the fields from the Co islands having in-plane magnetization 
with the external uniform field perpendicular to the surface. This causes the ferrofluid 
flocks to collect over one of the ends of the Co islands.  Note that time during which the 
Streptavidin binding takes place is on the order of a minute. Keeping the Streptavidin in 
the solution longer could result in some molecules diffusing through the ferrofluid 
protected areas. An example of experimental results is shown in Figure 3.5. In this 
experiment, the ferrofluid is permitted flock to the ends of the Co island over the course 
of an hour before the Sterptavidin is injected. Due to longer ferrofluid aggregation, 
simple rinsing is not always enough to remove the ferrofluid flocks and sonification is 
required to remove the ferrofluid.   
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Figure 3.5:  Results of Microscale Diffusion Masking. Optical fluorescent images of 
Streptavidin (Red) attached to surfaces on and around 100nm thick 20 x 4 micrometer Co 
islands. Black regions at the ends of the islands are regions masked by the ferrofluid 
aggregates. These images demonstrate that high contrast can be achieved by allowing 
ferrofluid time to aggregate. Once ferrofluid mask forms firmly around at the ends of the 
island, it serves as a good barrier to molecular diffusion.  The price is that sonication is 
needed to completely remove the ferrofluid mask. 
 
 
 
3.4 Summary 
 
Ferrofluid diffusion masking is a simple and effective method that can be used to block 
diffusion of molecules to a surface as would be used in combinatorial chemistry or in 
situations where conventional photolithographic techniques would be difficult.  For the 
best result ferrofluid had to be given time to aggregate into a mask which then requires 
sonication to be removed. 
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CHAPTER 4: BULK FRACTIONATION 
4.1 Introduction 
Fractionation is a process of separating different colloidal components from their 
mixture. Most fractionation methods work in regimes that are far from equilibrium 
typically relying on different mobility of different colloidal components in response to 
some external force. Examples include centurfugation, flow fractionation, electrosmosis, 
dielectrophoresis, magnetophoresis and others.  In contrast, equilibrium fractionation can 
be viewed as a form of self-assembly process where colloidal component having some 
common property (such as size) separate into a different phase, while other components 
in the mixture remain dispersed due to thermal fluctuations. An example of such a 
process is depletion fractionation [10], where the addition of surfactant micelles produces 
an attractive osmotic interaction sufficient to keep larger particles or emulsion droplets in 
a flock (a clustering of particles that can be reversed easily), while smaller colloidal 
components remain suspended in the fluid. One important drawback of depletion 
fractionation is the slow rate of phase separation.  
A much faster equilibrium fractionation process that utilizes magnetic interactions 
between colloidal components is investigated here. This process involves adding a 
superparamagnetic nanoparticle suspension called ferrofluid to a mixture of non-
magnetic colloidal particles of different sizes. The presence of the magnetic nanoparticles 
effectively induces magnetic poles on the non-magnetic particle surfaces in the presence 
of the external uniform magnetic field and leads to phase separation of the non-magnetic 
particles by size. The reason for this is that the non-magnetic colloidal particles of larger 
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size have a stronger interaction than the smaller particles. However, as opposed to the 
depletion fractionation, magnetic dipolar interactions between the colloidal particles have 
a much longer range, and this is the main reasons for the much faster fractionation rate.  
Note that in order to facilitate a number of different projects that require 
functionalization [39-41] of colloidal particles there already exist an number of 
companies focused on creating functionalized magnetic colloidal particles[42].  The 
method discussed in this section is fundamentally different as it does not deal with having 
to make the colloidal particles magnetic or attached to a separate magnetic particle in any 
way.  However in principle this method of fractionation could be combined with the 
magnetophoretic manipulation such as in earlier sections of the thesis to achieve similar 
ends. 
The benefit of the magnetically assisted fractionation described above would be 
clear if it was not for the existence of metastable states where smaller particles are 
trapped between or outside the flocs of the bigger ones. Such metastable states occur in 
many self-assembly situations. They occur in the depletion fractionation and in the 
magnetically assisted fractionation as well. However, since the depletion fractionation is 
a slow process, the possibility that the separated phase anneals itself to a more pure state 
would seem to be greater. Therefore, the question arises: Is the faster rate of the 
magnetically assisted fractionation obtained at the cost of purity? If so, could different 
regimes of magnetic field application be used to anneal the separated phase increasing the 
purity? How much delay would such a strategy cause? 
The main goal of this work is to investigate experimentally the level of purity that 
could be obtained with magnetically assisted fractionation and to begin the study of the 
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trade off between fractionation rate and purity using a couple of different magnetic field 
application strategies for different colloidal mixtures. The two main magnetic field 
application strategies considered in this work can be viewed as being two extreme cases 
of an annealing field application. One is a step-wise application of a constant field, where 
relatively weak constant field sufficient only to floc larger particles in the mixture is 
applied from zero. The other is a pulse, where a much larger field is applied initially and 
reduced to a weaker field later. Variations of these two field application strategies where 
the field magnitudes are modulated sinusoidally or field direction rotated uniformly are 
also investigated. The two different particle systems considered in this work are two 
mixtures with different particle sizes, one containing 1 and 2 micrometer particles, the 
other having 0.5 and 1 micrometer particles.  
Overall, the experimental observations demonstrate that purity of magnetically 
assisted fractionation can be high despite the high fractionation rate. It will be shown that 
the simplest strategy of applying a constant field in a step-like fashion gives a reasonably 
high purity at fractionation rates far faster than depletion fractionation rates. Pulsed field 
application strategies are shown to offer even higher fractionation rates at high purity for 
mixtures containing smaller particles. Sinusoidal modulation of field magnitudes does not 
appear to approve on these results, while rotating field applied in a pulsed fashion before 
application of a constant field can speed up fractionation further. The paper will be 
organized as follows. The basic ideas behind depletion and magnetically assisted 
fractionation will be presented first using highly simplified models of particle interaction. 
Subsequently, methodology, set up, and experiments on the magnetically assisted 
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fractionation for different magnetic field application strategies and for the two particle 
mixtures will be described and results will be summarized. 
 
4.2 Basic Facts about Depletion Fractionation  
We begin with a brief review of depletion fractionation using a somewhat simplified 
model of volume exclusion interaction only to stress the basic ideas. As stated in section 
1.1.4 the potential energy of interaction between two particles of diameter d due to the 
osmotic force related to volume exclusion of micelles with a much smaller diameter md  is 
approximately given by [11]: 
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where s is the separation between the particle’s surfaces, n is the volume concentration of 
the micelles, k is the Boltzmann constant and T is the temperature in degrees Kelvin. This 
osmotic force attracts particles into flocs, while double layer or some other repulsive 
force keeps them from irreversible aggregation. The basic reason for fractionation of 
particles of different sizes is that the above osmotic force is smaller for smaller particles 
and larger for larger particles. Therefore, micelle concentration n can be tuned so that 
larger particles flocculate, while smaller particles escape flocculation through Brownian 
motion. 
As equation (5-1) demonstrates, the essential feature of the osmotic force between 
particles is its short range. Within this short range the interaction potential scales roughly 
as d3. For the range exceeding the micelle diameter, the osmotic force disappears. Since 
Sodium Dodecyl Sulfate (SDS) is commonly employed to create micelles with a typical 
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diameter of 4nm, the larger particles have to come within a very short range of each other 
in order to floc. In depletion fractionation particles approach each other only through 
random Brownian motion and, as a result, the rate of depletion fractionation is slow, with 
each step in a process specified in the literature [12,10] as taking on the order of several 
hours to a day.  In some cases, the method would take an entirely unreasonable amount of 
time. Problems arise when particles are larger (on the order of micrometers) and, 
therefore, diffuse slowly and when their volume fraction is small [10].  The method 
described here, therefore, is most useful for such circumstances. 
 
4.3 Basic Idea of Magnetically Assisted Fractionation 
We had proposed the method of magnetically assisted fractionation recently [13].  The 
main idea is that attractive interactions between non-magnetic colloidal particles can be 
controlled through magnetic nanoparticles (that are typically 10-20nm in diameter, but 
also available in diameter around 50nm [14, 15]) dispersed in the continuous fluid phase 
(ferrofluid) and through an externally applied uniform magnetic field. The magnetically 
assisted fractionation differs from other magnetic separation techniques in some 
important aspects. One important point is that magnetically assisted fractionation does 
not employ field gradients for the fractionation itself. Separation technology typically 
employs gradients that are usually generated in proximity to some surface to extract 
magnetic and non-magnetic components out of a mixture [16,33]. The proposed 
fractionation uses only a uniform field and, therefore, could be applied within a large 
volume. Several bio-separation methods [34] employ magnetic particles to separate non-
magnetic components to which they attach through molecular binding. In the 
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magnetically assisted fractionation discussed in this paper, no molecular binding of the 
ferrofluid nanoparticles to non-magnetic components takes place. In fact, ferrofluid 
nanoparticles can be extracted using magnetic field gradient separation and, possibly, re-
used later.   
When two particles are placed in fluid of effective magnetic permeability fµ , they 
interact magnetically in the presence of a uniform magnetic field because magnetic poles 
form on their surfaces. In fact, the non-magnetic particles can be equivalently treated as 
negatively magnetizable dipoles. Their magnetic interactions are not isotropic, in contrast 
to excluded volume interactions. When their magnetization aligns with the field and with 
the line between their centers, the potential energy of the particle’s magnetic interaction 
is given by [17, 18]:  
3
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where 0µ is the permeability of free space, H is the magnetic field in the fluid and  
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+
−= . In the experiments reported below, the permeability of the ferrofluid is 
approximately 43.1=fµ , which is calculated using the initial permeability of 3.5 for the 
undiluted fluid supplied by the manufacturer and Onsager’s Effective Field Theory [19].  
The first important thing to notice about magnetic interactions is that, in contrast 
to the excluded volume interactions, they are long range since their potential decays as 
the cube of particle separation. The attractive magnetic interaction range is illustrated in 
Fig. 4.1 by the curves of inter-particle distance vs. particle diameter where the Langevin 
parameter 
kT
Umag=ξ  is equal to 1 for different ferrofluid dilutions.  
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Figure 4.1.  Curves of Particle Separation vs. Diameter at which the Langevin 
Parameter Equals One.  That is 1==
kT
Umagξ  for Different Dilutions of EMG 705 
Ferrofluid in an External Field of 40 Gauss.   
 
 
 
The long range of magnetic interactions between the particles is the main reason for 
their much faster flocculation. In addition to this, magnetic interactions can be more 
sensitive to particle sizes than volume exclusion interactions. When the separation 
distance is smaller than particle diameter, both potentials scale roughly as d3.  However, 
when the particle separation is larger than the diameter, the magnetostatic potential scales 
as d6, while the depletion interaction potential goes to zero. 
 In principle, magnetically assisted fractionation can be applied together with the 
depletion fractionation technique. In this case, micelles could be used to hold flocs 
together once they are assembled. In fact, the magnetic nanoparticles in the ferrofluid 
could partly fulfill the role of the micelles causing non-magnetic particles to floc even in 
the absence of the external field. In the experiments reported here this effect is minimized 
because typical concentration of the magnetic particles is small.  Experimentally, we 
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know this to be the case because particles quickly come apart when the external field is 
removed.   However, for other systems or for higher concentrations, it is quite possible 
that ferrofluid could be used for depletion force fractionation on its own or together with 
magnetically assisted fractionation. 
 
4.4 Experimental Methods and Set Up 
Two types of sample preparations are employed. In both, ferrofluid with a mixture of 
non-magnetic particles is placed between two glass slides for observation under a 
microscope. However, in one sample preparation the glass slides are separated by a space 
of 10 micrometers (thin sample preparation) in order to carry out observations of the 
dynamics of floc formation, while in the other the glass slides are separated by 500 
micrometers (thick sample preparation) in order to better simulate bulk conditions where 
flocs would tend to settle. It should be stressed that, when the magnetic field is applied to 
the sample, non-magnetic particles tend to repel from the glass slides due to the negative 
magnetic susceptibility difference between the ferrofluid and glass. This is a well-
documented phenomenon [20], which can be explained by induction of effective image 
dipoles whose magnetic moments oppose those of the effective magnetic moments of the 
particles.  That is to say that the particles and surface repel each other in a similar manner 
as two side by side magnetic particles in air or two non-magnetic side by side particles 
surrounded by ferrofluid. 
 Thin sample preparations, as illustrated in Fig. 4.2b, are made by first dicing 
microscope slides into one inch by one inch squares.  Coverslips that have been sparsely 
sprayed with fiber spacers (10 micrometer diameter glass fibers, EM Industries) and 
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dotted in four corners with small amount of Norland optical adhesive 65 are placed on 
top of the microscope slides. The resulting structure is pressed together in a nuArc 26-1K 
mercury exposure system to cure the adhesive. The ferrofluid and particle suspension is 
added between the slide and the coverslip by placing a drop of it on the edge of the 
sandwich.  Capillary action pulls the liquid into the structure and the excess is wiped 
away.  Finally the sandwich is placed in a Petri dish and covered in oil used for 
immersion lenses.  The oil is useful not only to permit the use of oil immersion lenses, 
but also to prevent evaporation of the aqueous ferrofluid. Thick sample preparations are 
made in a similar way, except that fibers of about 500 micrometer diameter are placed on 
the coverslips, instead of the 10 micrometer fiber spacers. 
 
 
 
Figure 4.2  Experimental Setup For Observing Magnetic Emulsion Dynamics   A.  
Arrangement of magnetic coils and oil immersion lens used in the experiments.  B. The 
arrangement of the “sandwich” in which the sample is observed. 
 
 
The ferrofluid used to prepare the samples is the commercially available Ferrotec 
EMG 705 water based ferrofluid. In order to clearly see the difference between different 
sizes of particles, 2m nile red fluorescent polystyrene spheres and 1m yellow-green 
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fluorescent spheres (Molecular Probes inc. F8825/F8823) are used along with .5 m red 
fluorescent spheres (Duke Scientific R500).  Note that, as is commonly done with 
commercial fluorescent particles, the charge density on the 2m particles, 5.225 C/m2, is 
higher than on the 1m particles, .4 C/m2, in order to prevent the larger particles, which 
are not suspended as well via Brownian motion, from flocculating or aggregating.  
Therefore, experimentally obtained defect rates will likely be overestimated compared to 
a system where the different sizes of colloidal components have the same surface charge 
density. In order to demonstrate the applicability of magnetically assisted fractionation to 
low volume fraction solutions, the volume concentration of non-magnetic particles in the 
system is kept at 0.8% and, in preparing thin samples (10 micrometer sandwich), the 
ferrofluid is used at a 1:5 dilution from stock. In thick sample preparations, sucrose was 
added to the same dilution of ferrofluid for a final concentration of 60g/L  to increase the 
effective density of the continuous phase in order to make sure that polystyrene particles 
rise to the top cover slip when they floc. Sucrose was chosen as it does dissociate into 
ions in water. 
An upright fluorescent microscope (Leica DMLFS) with a 100x oil immersion 
lens is used to observe the samples.   Defect rates are calculated manually from 
photographs that are taken using a Magnafire SP digital camera. A uniform magnetic 
field whose direction and magnitude could be varied dynamically is created using 2 
Kepco bipolar operational power supplies/amplifiers attached to solenoids with low 
remanence iron cores. Rotating uniform magnetic fields were controlled by DASYlab 
software. A hall probe is positioned immediately below the sample in order to measure 
the field strength.   
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In principle, an infinitely large set of field application regimes exists. In this work 
we chose to start investigating the effect of different field application regimes using two 
cases which, in some sense, can be viewed as the extremes. These two main field 
application methods are illustrated in Fig. 4.3. One method involves step-wise application 
of a constant field whose magnitude is selected to eventually achieve phase separation. 
This magnitude is adjustable from one experiment to another. The second strategy can be 
called pulsed field application as it involves first step-wise application of a field 
sufficiently large to floc all particles and subsequent reduction of the field to a lower 
value sufficient only to keep larger particles in a floc, while permitting the smaller 
particles to disperse. In addition to these two main field applications regimes, several of 
their variations are also tested. One variation involves sinusoidal modulation of the field 
strengths. Two sinusoidal variations are also illustrated in Fig. 4.3. Another variation of 
the pulsed field regime involves field rotation during the pulse (uniform change of field 
direction).  
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Figure 4.3  General Form of the Types of External Fields Used in the Experiments.   
In step to constant field the external field simply rises to a selected value and stays there.  
A “pulsed” field raises to a selected value, but eventually drops to a lower value.   The 
sinusoidal variants have the same behavior except that instead of being constant they very 
sinusoidally over time. 
 
 
4.5.  Results and Discussion 
For the purpose of presenting the results in a quantitative fashion, flocs are defined as 
relatively stable particle formations. Otherwise there would be significant ambiguity in 
accessing the time of their formation and defect count. Stability of particle formations, in 
turn, is checked by comparing the changes in them over some period of time. This limits 
the time resolution of the data reported below to around 5 minutes.  
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The first very general observation regarding formation of flocs is the field 
strength needed to start flocculation for particles of various sizes. For 2 micrometer 
particles the flocculation begins to occur in our experiments at fields around 10 Oe. Since 
the particle volume scales as the cube of the diameter, one would expect the flocculation 
to start occurring around 80 Oe for 1 micrometer particles, assuming linear magnetization 
behavior of the ferrofluid. The 0.5 micrometer particles would be expected to floc around 
640 Oe. In reality the actual fields at which flocculation starts occurring in particle 
mixtures are somewhat different from the above field strengths for several reasons. 
Firstly, the ferrofluid behavior is not linear. Its magnetization begins to saturate above 
200-300 Oe. Moreover, some observable structure (chaining) could start developing in 
ferrofluid at fields above 100 Oe. In addition, smaller particles could be attracted to larger 
ones causing their apparent flocculation field to be lowered. Despite non-ideal behavior 
of this type, the above flocculation fields for particles of different sizes roughly agree 
with observed flocculation fields.  
 
4.5.1   Step-Wise Application of a Constant Field 
This is probably the simplest field application strategy. The field strength should exceed 
some critical value in order to cause collection of particles into flocs. On the other hand, 
when the field is too strong, both small and large particles will collect. If the field 
strength is within appropriate range, the formation of flocs of mostly larger particles 
occurs in two main stages. First stage is dominated by growth of single particle chains. 
The second, slower stage involves mainly coalescence of the chains into large columns 
[21]. Fig. 4.4 illustrates the type of flocs that occur when multi-chain floc structures rise 
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to the top coverslip (ferrofluid density is adjusted by addition of sucrose to be slightly 
higher that polystyrene particle density). The defects observed in such flocs are 
essentially the smaller particles that were originally trapped within or around long chains 
of the larger particles.  
 
 
Figure 4.4  Collection of Two Micron Particles and One Micron Defect Particles 
Formed by a 15 Gauss constant external field in a 500 micron thick slide.  The initial 
solution contained an equal volume fraction of .4% of each particle, a 1:5 dilution of 
EMG 705, and 60g/L sucrose.   
 
 
 
However, counting these defects in thick sample preparations is difficult. For this 
reason, the data reported below is from thin sample preparations where flocs are 
essentially long chains whose length does not increase significantly over time. The time 
to formation of such flocs and defect rates found in them are reported in Fig. 4.5 for two 
particle mixtures for different strengths of the constant field.  
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Figure 4.5  Volume Fraction and Time for Chain Formation for a System of .4% 
by Volume Each 2um and 1um Particles in 1:5 Diluted EMG 705 Ferrofluid.  In each 
case as fields increase time goes down while defect rates rise. 
 
 
 
It is clear from the figure that fields below certain strength (about 10 Oe in the 
case of 2 and 1 micron particle mixture and about 60 Oe in the case of 0.5 and 1 micron 
particle mixture) do not cause flocculation. It is also clear that, although fields below 
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some strength do not cause formation of flocs of smaller particles, there is a significant 
growth of defects in flocs of larger particles with increasing field strength. For example, 
at 12 Oe low defect collection occurs in the mixture of 1 and 2 micrometer particles, 
while by 18 gauss the volume fraction of defects is already becoming significant. At the 
same time flocs of the larger particles form faster with increasing field.  
Thus, as expected, defect rate increases as the rate of floc formation increases. 
However, even at low defect rates (on the order of 1%) within a single fractionation step, 
flocculation occurs within about 30 minutes for 2 micrometer particles at low volume 
fraction. Further reduction of defect rates results from repeated fractionation, although 
further work is required for proper quantitative analysis. 
Additionally, in order to actually perform a separation additional SDS was added 
so that particles that flocked and collected on a surface would stay there after the field 
was removed using depletions forces.   The magnetic effects were still critical to this 
process as they collected the particles that otherwise would not have come into contact 
with either other in any appreciable amount of time due to their large size.  However once 
collected a quick rinse can remove all of the smaller particles, leaving behind only the 
larger green particles as shown in figure 4.6. 
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Figure 4.6. Actual Fractionation of 1 and 2 Micron Particles   The1m and 2m 
polystyrene particles are in 0.08 mol/L SDS and 0.34% volume fraction EMG 705 
ferrofluid.  In fig 2a a 24 kA/m magnetic field is present causing rapid floc formation.  In 
fig 2b the external field is removed leaving only the larger particles in flocs after gentle 
rinsing. A 64X water immersion lens is used. 
 
 
4.5.2 Pulsed Field Application 
The idea behind this type of field application is the opposite of step-wise application of 
constant field. Instead of collecting larger particles into flocs relatively slowly, the 
intention here is to collect the large particles quickly with an application of a more 
intense field (about 400 Oe) for a short time (5 min) and subsequently release the smaller 
particles trapped in the flocs by reducing the field strength.  
 Large columnar structures of particles form quickly in this case rising to the top 
coverslide in thick sample preparations upon the application of the intense magnetic field. 
When the field is stepped down to lower levels, most of the smaller particles diffuse out 
of the flocs quickly for the 0.5 and 1 micron particle mixture resulting in flocs similar to 
those displayed in Fig. 4.7.  
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Figure 4.7   An Example of the Structures Formed in the Pulsed Field Method in a 
500 Micron Slide  After collection at 400 Gauss and reduction to 44 Gauss columns of 
1um particles are held together, but not large numbers of.5um particles.  The smaller 
defect particles have almost entirely diffused out of the columns. The initial system was 
composed of equal volume fractions of .4% of each particle, a 1:5 dilution of EMG 705 
ferrofluid, and 60g/L of sucrose.   Note that in this picture the red particles are 
particularly hard to see because they are moving under Brownian motion fairly quickly 
compared to the exposure time for the picture, causing them to blur into the background.  
 
 
At the reported step-down fields, the 0.5 micron particle defects diffuse within the 5 
minute time resolution limit. For this reason time to obtain flocs with different defect 
rates is not reported in Fig. 4.8.  
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Figure 4.8 Defect Volume Percentage as a Function of the Strength the Field is 
Stepped Down to for Separation After Collection at 400 Gauss.  The solution contains 
.4% by volume 1um and .5um particles each and a 1:5 dilution of EMG 705 ferrofluid.  
Time is not charted here as diffusion occurred within the initial five minute interval. 
 
 
Qualitatively similar behavior is observed for the mixture of 1 and 2 micrometer 
particles. However, in this case time needed for the 1 micron particles to diffuse upon 
field reduction is substantially larger. As expected, the trend in this case is that larger 
field results in longer time needed for defects to diffuse out of the flocs as illustrated in 
Fig. 4.9.  
Defect Rates for a Pulsed Field with 1 and .5 Micron Particles  
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Figure 4.9  Defect Percentage as a Function of Field Along with the Time Until the 
Defect Rate is Approximately Constant.  The system at 15 gauss was still varying after 
hours and the experiment was terminated. 
 
 
 It is interesting to note that, for 0.5 and 1 micrometer particle mixtures, flocs with 
roughly the same defect rates form faster using the pulsed field application than using 
step-wise application of a constant field. This could be confirmed by comparing results 
reported in Figures 7 and 5.   However, for mixtures of 1 and 2 micrometer particles, the 
step-wise application of constant field appears to offer somewhat faster performance as 
could be confirmed by comparing results reported in Fig. 4.5 and 4.9. Thus, different 
field application strategies may be optimal for different particle mixtures. In our case, 
pulsed field application results in roughly the same defect rates as the step-wise constant 
field application, but works faster for fractionation of smaller particles and slower for 
fractionation of larger particles.  
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4.5.3 Sinusoidal Modulation of Constant and Pulsed Fields 
This field application strategy was originally motivated by the idea that multiple 
collect/release cycles may reduce the defects.  We observe that higher frequencies (over 5 
Hz) the particles formations do not rearrange significantly and collection proceeds as 
with an un-modulated field.  However if the field is varied too slowly the chains of larger 
particle will break apart.  The best results were obtained at frequencies around 0.05 Hz 
for 2um and 1um particle mixture and 0.1 Hz for the 1 and 0.5 micron particle mixture  
However, even the best results for these field application regimes were noticeably 
worse than for the step-wise application of constant field and for the pulsed field 
application. Fig. 4.10 demonstrates the comparison between sinusoidally modulated and 
un-modulated pulsed field applications. 
 
 
 
Figure 4.10  Defect rates as time passes due to release of .5 micron defect particles in 
the flocs after a step down to 12 Gauss after collection at 400 Gauss versus collection in a 
field varying sinusoidally from 9 to 400 Gauss at .04 Hz.   
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 In both cases, it is possible to reach similar defect rates. However, the time needed was 
several times longer for the modulated case. We observe that in the case of sinusoidally 
modulated fields, domains of smaller particles are often imbedded into the flocs of larger 
particles. In the umodulated case, most of the defects do not form large domains. We 
believe this to be related to the increase in time required for the defects to disperse when 
the field is lowered.  
 
4.5.4   Rotating Fields Modulation for Pulsed Field 
This field application strategy differs from pulsed field only by introducing field rotation 
(uniform variation of field direction) during intense field application pulse. Therefore all 
the results are similar to pulsed field application. However, this regime permits to collect 
larger flocs faster during the pulse time. The frequency of field rotation determines the 
size and shape of the flocs obtained before the field is lowered to disperse the smaller 
particles, as shown in Fig. 4.11. 
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Figure 4.11 Rotating Particle Cluster Size Versus Rotational Speed  Parts A, B, C, 
and D show typical clusters formed from systems rotating at .01, .1, 1, and 10 Hz 
respectively, containing .4% by volume each 2um and 1um fluorescent particles in a 1:5 
dilution of EMG 705 ferrofluid. 
 
 
4.6  Ferrofluid Removal  
In this technique there is no chemical attachment taking place between the ferrofluid 
and anything else .  Also ferrofluid particles are stabilized, usually electro statically, and 
should not aggregate with each other or the dispersed phase.   Therefore, being magnetic, 
the ferrofluid can be removed via standard high gradient magnetic separation techniques 
later [43].  The removed ferrofluid should be reusable. 
   If some remaining ferrofluid is acceptable, simply placing a 2ml vial against a 
Samarium Cobalt block for an hour was found to be sufficient to reduce the remaining 
ferrofluid to levels that could not be quantified in our Lakeshore  Cryotronics VSM 7307, 
but some slight brown tinting remained.    If residual superparamagnetic nanoparticles are 
unacceptable and the user does not wish to use a traditional High Gradient Magnetic 
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Separation system, ferrofluid is available up to 50nm in size, making it much easier to 
capture.  [14, 15]. 
4.7  Comparison with Other Methods 
 One drawback of using depletion interactions between the micro-particles for 
fractionation is that the process is slow because of relatively large energy barriers and the 
fact that the depletion force is very short ranged. Recently developed drop break-off 
method [26,27] which relies on micro-nozzles. Separation by centrifugation [28], 
electrophoresis [29], and magnetophoresis [30] are well-known. However, all these 
methods are difficult to apply in producing large volumes of monodisperse particles. 
Higher productivity methods that can be applied to bulk emulsions and particle solutions 
have been advanced by Bibette [31,32]. These fractionation methods are based on the 
increased probability of flocculation of particles or emulsion droplets of larger size when 
driven by osmotic pressure due to much smaller nanometer diameter micelles. Another 
advantage of using magnetic fields as opposed to electrical or chemical methods in 
particular is that a magnetic field has practically no effect on most molecules or chemical 
processes [37-38]. 
 
4.8   Summary 
Overall this work demonstrates that magnetically assisted fractionation is a promising 
method for fractionation of colloidal components. It is significantly faster than depletion 
fractionation for low volume fractions of colloids whose size is fraction of a micron and 
greater. Relatively low defect rates can be achieved with this method in a single 
fractionation step. It is also demonstrated that different field application regimes might be 
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optimal depending on the sizes of the colloidal particles in the mixture. Step-wise 
application of constant field, for example, achieves somewhat faster fractionation for 
larger colloidal particles, while pulsed application of the field is better for fractionating 
mixtures containing smaller particles. Sinusoidal modulation of fields appears to yield 
slower fractionation in all cases, while rotating field modulation speeds up pulsed field 
fractionation further. 
 It is also worth noting that, since magnetic field assisted fractionation is based on 
dipolar interaction of colloidal components, it is possible that the technique could be 
extended to situations where dielectric properties of the colloidal components and of the 
solvent are different. In this case, application of AC electric field could create strong 
electric dipole interactions between colloidal particles resulting in the type of 
fractionation demonstrated here using magnetic interactions.  
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CHAPTER 5:   CONCLUDING REMARKS 
The main novel contribution of this thesis is demonstration of techniques for 
manipulating non-magnetic nanoscale objects near surfaces and in bulk of fluid 
suspensions. These methods employed mainly non-magnetic spherical nano- and micro-
particles as well as molecules.   
Novel surface manipulation techniques developed in this thesis included use of 
ferromagnetic patterns for trapping, transport and concentration of nano-particles and 
molecules. Ferromagnetic patterns were also shown to be capable of creating ferrofluid 
masking patterns that could be used to transfer patterns of biological molecules to 
surfaces.     
    Novel bulk manipulation method that was demonstrated in this thesis relied on 
magnetic interactions not with surfaces, but between particles. This method was applied 
for bulk fractionation of non-magnetic colloids in ferrofluid.  It was shown that the new 
fractionation technique is capable of achieving the same or better fractionation quality, 
but at a substantially faster rate.    
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